We have employed a laser-capture microdissection technique and single-nucleotide polymorphism arrays to characterize genomic alterations associated with the development of glioblastoma multiforme (GBM). Combined analysis of loss of heterozygosity (LOH) and copy number revealed that more than half (56.3%) of the 254 identified LOH loci showed no copy-number alteration, indicating the presence of copy-number neutral LOH (cnLOH). Furthermore, we found a GBM case that showed cnLOH in 18 of the 22 autosomes. These results were confirmed by quantitative real-time PCR, microsatellite analysis, and fluorescence in situ hybridization. The high rate of cnLOH suggests that epigenetic abnormalities of many genes are involved in the development and progression of GBMs. Neuro-Oncology 10, 995-1003, 2008 (Posted to Neuro-Oncology [serial online], Doc. D07-00200, August 12, 2008
D
espite recent advances in surgery, radiotherapy, and chemotherapy, the median survival time for patients with glioblastoma multiforme (GBM), the most malignant brain tumor, remains short, around 1 year after the initial surgery. 1 Like many other cancers, GBM tumorigenesis is believed to involve a series of consecutive genetic alterations, and detailed genetic characterization of GBMs is expected to lead to improved diagnostic criteria, provide deeper insights into the mechanisms of tumorigenesis, and contribute to the possible development of novel therapeutic strategies. Conventional molecular genetic analyses of GBMs, such as comparative genomic hybridization (CGH) and fluorescence in situ hybridization (FISH), often reveal losses of chromosomes 9p, 10, 17p, 19q, and 22 and gains at loci on chromosomes 7 and 20.
2,3 Inactivation of various tumor suppressor genes, including TP53, RB1, CDKN2A, and PTEN, and overexpression of oncogenes such as RASD1, EGFR, and AKT1 are associated with GBM tumorigenesis, as revealed by studies targeted to the candidate genes. However, the detailed mechanisms of tumorigenesis have been poorly understood. 2, 3 Loss of heterozygosity (LOH) analysis is an effective alternative approach to identify genetic aberrations in cancer. Conventionally, LOH has been detected by determining allelic imbalances using microsatellite markers. However, the resolution of this method is inevitably low because of the scarcity of the genome markers. We previously developed a single-nucleotide polymorphism (SNP)-based method in which PCR products are Copyright 2008 by the Society for Neuro-Oncology postlabeled with fluorescent dyes and analyzed in an automated capillary electrophoresis system under singlestrand conformational polymorphism (SSCP) analysis conditions. 4 This method allowed a high-resolution and high-sensitivity LOH detection, owing to the abundance of SNP markers and the highly quantitative nature of the SSCP analysis. Its sensitivity allowed the detection of allelic imbalances in surgically obtained specimens, which are often heavily contaminated with nontumorous tissues. However, the method is not suitable for genomewide analysis, because it requires a primer pair for each SNP marker, and the cost for the analysis using many markers can be formidable.
Recently, several algorithms have been developed to quantitatively interpret hybridization signals obtained from the analysis using high-density oligonucleotide microarrays, such as SNP arrays. This allowed the simultaneous detection of LOH and copy-number change in tumor samples at the SNP level in a genomewide fashion by single-platform analysis. The disadvantage of the SNP-array analysis is that the signal obtained for each hybridization is inevitably weak (sacrificed to attain high SNP density), and the resultant low signal-to-noise ratio does not allow confident detection of LOH or copynumber change for any tumor sample that is heavily contaminated with normal cells (30%-50% of the total). 5, 6 Because GBM tissues are often highly heterogeneous and infiltrated with normal cells, such as vascular endothelial cells, infiltrated leukocytes, or interstitial cells, selection of tumor cells before extraction of DNA is often critical for confident detection of tumor-specific genetic changes by SNP-array analysis. In the present study, we employed the laser-capture microdissection method to obtain DNA that was derived exclusively from a tumor. We examined both LOH and copy-number alterations using these samples and found that the majority of GBMs harbor LOH without copy-number alterations, which was designated as acquired uniparental disomy or copy-number neutral LOH (cnLOH). Although cnLOH has been detected in some other cancer cells using SNP microarray analysis, [7] [8] [9] [10] [11] this is the first report describing cnLOH in GBMs to such an extent.
Materials and Methods

Sample Acquisition
GBM samples were obtained from 14 patients during surgery at Kyushu University Hospital or other affiliated institutions. A part of the tumor tissue was saved for histopathologic examination, and the remainder was snap-frozen in liquid nitrogen and stored at -80°C. Corresponding wild-type DNA was isolated from a blood sample from each patient using a QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA). The present investigation was approved by the Ethics Committee of Kyushu University.
Laser-Capture Microdissection and DNA Extraction
Laser-capture microdissection was performed in all GBM samples to obtain a homogeneous population of tumor cells. Two 10-μm-thick frozen sections were cut from each GBM tissue: one section for hematoxylin and eosin staining to confirm the orientation of the tissue, and the other section for microdissection. Sections for microdissection were placed on PALM membrane glass slides (P.A.L.M. Microlaser Technologies AG, Bernried, Germany), briefly air-dried (30 sec), and fixed in 100% methanol on ice for 1 min. The sections were then stained with 0.05% toluidine blue for 30 sec at room temperature, washed briefly with distilled water, and air-dried. A PALM Robot Microbeam system (P.A.L.M.) was used for laser cutting and separation of selected tissue areas. The selected tumor areas were confirmed to be cleared from nontumorous cells (e.g., vascular endothelial cells, necrotic tissues, and normal astrocytes) (Fig. 1 ). We combined 50-100 captures for each specimen and transferred them into 0.5-ml tubes containing 180 μl of ATL buffer provided with the QIAamp DNA Mini Kit (Qiagen). DNA was extracted using the kit according to the manufacturer's instructions. DNA quantity was determined using Quant-iT dsDNA Reagent Kit (Invitrogen, San Diego, CA, USA). On average, 1 μg of DNA was obtained from each tumor (Table 1) .
SNP-Array Analysis
GeneChip Mapping 50K Xba assay kit (Affymetrix Inc., Santa Clara, CA, USA) was used for the analysis. DNA samples were processed according to the standard protocol provided by the supplier. Briefly, 250 ng of genomic DNA was digested with XbaI, ligated to adapters, and amplified by polymerase chain reaction (PCR) using a single primer. After purification with MinElute 96 UF PCR Purification Kit (Qiagen), the amplified products were quantified, fragmented, labeled, and subsequently hybridized to the SNP arrays. After washing and staining, the arrays were scanned using a GeneChip Scanner 3000 (Affymetrix). Scanned data files were generated using Affymetrix GeneChip Operating Software, version 1.2, and genotype calls were made automatically by GeneChip DNA Analysis Software, version 3.0. the ABI 7500 Fast System Sequence Detection System software and RQ software (Applied Biosystems). Target gene copy number was determined by the relative quantitative comparative threshold cycle (Ct) method using the LINE-1 repetitive element as the endogenous control. 13, 14 In this method, the relative copy-number difference of the target gene in tumor sample against reference sample is given by 2 -Ct , where Ct is defined by the following equation: Genotypes and probe intensities derived from blood and cancer DNA were loaded into the dChip software package (http://www.dchip.org/) for LOH and copy-number analysis, as previously described. 6, 12 Briefly, LOH call was assigned in a pair of tumor and matched blood as LOH or allelic imbalance (heterozygosity call in blood, homozygosity call in tumor), retention of heterozygosity (heterozygosity call in both blood and tumor), or noninformative (homozygosity call in blood). The hidden Markov model (HMM) from dChip was used to infer regional LOH with an LOH call threshold set at 0.5. For calculating the copy number, data were normalized to a baseline array with median signal intensity with the invariant set normalization method. The model-based (perfect match/mismatch) method was used to obtain the signal values after normalization. 6 Normalized intensities in matched blood DNA samples were used as the reference set to calculate the copy number of each marker in tumor samples. The HMM was used to infer copy-number change along each chromosome.
Quantitative Real-Time PCR
Quantitative real-time PCR was performed on an ABI 7500 Fast System (Applied Biosystems, Foster City, CA, USA) using the Power SYBR Green PCR Master Mix (Applied Biosystems). PCR primers of six different genes were designed using Primer Express 3.0 software (Applied Biosystems) ( Table 2 ). All reactions were performed in triplicate using the following PCR conditions: 95°C for 10 min followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min. An additional cycle of 95°C for 15 sec, 60°C for 1 min, and gradual heating to 95°C was run at the end to measure the dissociation curve for quality control. Data evaluation was performed using a All tumor DNA from microdissected specimens was quantified using a Quant-iT dsDNA Reagent Kit (Invitrogen). Here, matched blood DNA was used as the reference sample and was assumed to have the copy number of 2.
Microsatellite Analysis
Tumor and matched blood DNA was evaluated by a PCR-based LOH assay using 48 microsatellite markers. PCR and fluorescence labeling were performed according to a previously described method. 15 Capillary electrophoresis was performed with a 3730 Prism Genetic Analyzer (Applied Biosystems). Raw electrophoresis data were analyzed with GeneMapper analysis software (Applied Biosystems). Allelic status was assessed based on the criteria established in a previous study. 15 Microsatellite instability was determined by the appearance of extra bands on tumor DNA examination.
Fluorescence In Situ Hybridization (FISH)
Paraffin sections 6-10 μm thick on slides were prewarmed to 60°C overnight and deparaffinized in two changes of xylene, followed by rinsing in 100% ethanol. The slides were immersed in 0.2 M HCl for 20 min at room temperature and then incubated in 1 M sodium thiocyanate for 20 min at 80°C. After cooling to room temperature, the slides were treated with protease solution containing 25 mg protease I (Vysis, Downers Grove, IL, USA) in 0.01 M HCl at 37°C for 30-60 min and then fixed in 10% neutral buffered formalin. After dehydration in an ethanol series (70%, 85%, and 100%), dual-probe hybridization was performed using probes that detected centromere regions of chromosomes 10 and 2 (Spectrum Green-labeled CEP 10 and Spectrum Orange-labeled CEP 2, respectively, obtained from Vysis), according to the manufacturer's protocol. After incubation at 37°C for 18-24 h, the slides were washed once in 0.3% NP-40/23 saline-sodium citrate at room temperature for 5 min, followed by heating at 73°C for 2 min in the same solution. The slides were then damp dried, and the nuclei counterstained with DAPI-I solution (4,6-diamidino-2-phenylindole-I; Vysis). Two hundred nonoverlapping nuclei were counted under an Olympus BX50 fluorescence microscope equipped with multiple filters (Olympus Australia Pty. Ltd., Mount Waverley, VIC, Australia). A tumor sample was considered to be monosomic for the examined chromosome according to the criteria adopted by Cianciulli et al. 16 
Results
We performed a comprehensive analysis of chromosomal aberrations in 14 GBMs using Affymetrix Mapping 50K arrays, to achieve a genomewide evaluation of the copy number and LOH status. It is critical to obtain highly purified tumor DNA to examine GBM specimens, because they often contain prominent proliferating endothelial cells and massive necrotic tissues, occasionally involving neighboring cerebral cortex cells (Fig.  1A) . 17 Therefore, laser-capture microdissection was performed for all tumor samples to obtain genuine tumor cell populations (Fig. 1B) . We obtained enough tumor DNA to perform SNP-array analysis, and favorable SNP call rates from tumor tissue (97.7 6 0.90) and matched blood (98.6 6 0.83) were obtained ( Table 1) .
The 50K SNPs provided good coverage of the whole genome at a sufficient resolution to enable identification of small LOH regions, as well as LOH involving the whole chromosome (Fig. 2) . We defined the LOH region as two or more consecutive SNPs showing LOH calls. In total, we identified 254 LOH loci in 14 GBM cases, with a median of 18 LOH loci per patient (range, 0-60; Table 3 ). Interstitial deletion or gain of either whole or parts of chromosomal regions is a common mechanism of LOH in human cancer cells. We then estimated copy numbers for these 254 LOH loci and divided them into three categories: LOH with copy-number loss (<1), LOH with neutral copy number (52), and LOH with copynumber gain (>3). Results indicated that more than half of the LOH loci (143 of 254, 56.3%) were copy-number neutral events. These cnLOH loci were observed in 12 of 14 cases (85.7%), although the proportion relative to the total LOH number varied widely. Also, the copy-number loss accounted for only 34.25% of LOH regions, and those with a copy-number gain accounted for 9.45% (Table 3) . Although many small interstitial cnLOH regions scattered on various chromosomes were observed, complete cnLOH regions on specific chromosomes (chromosomes 2, 3, and 10) were evident in multiple cases (Fig. 2) .
To validate the copy-number data from the SNP array analysis, we determined the copy-number score of six different genes by quantitative real-time PCR in all tumor samples. The copy numbers between 0 and 3 estimated by the SNP-array experiments were confirmed with reasonable accuracy (0.24 6 0.13, 0.85 6 0.28, 1.99 6 0.22, and 2.98 6 0.31, respectively, R 2 5 0.89) by real-time PCR. On the other hand, for the high copy-number regions, much higher values of copynumber gain were observed by the real-time PCR estimation than by the SNP-array estimation (Table 4) . This is in agreement with the general notion that SNP-arraybased analysis tends to seriously underestimate the copy number of highly amplified regions.
In both dChip and quantitative PCR analyses, the overall ploidy was assumed to be 2 for both the tumor and the normal samples. However, this assumption may not be true for a tumor with extreme aneuploidy. Therefore, we reevaluated the copy-number status by FISH experiments using centromere-specific probes. A typical case of LOH associated with copy-number loss is shown in Fig. 3B . In this sample, in good agreement with SNP-array-based LOH and copy-number data, in the majority of the cells only one hybridization signal was detected for the CEP 10 probe, whereas two signals were detected for the CEP 2 probe. Thus, in that sample, most of the tumor cells were likely to be in the G1 phase, and they were disomic for chromosome 2 while monosomic for chromosome 10 ( Table 5 ). On the other hand, in samples 1 and 11, two signals were detected for both CEP 2 and CEP 10 probes in the majority of observed nuclei. Because LOH was observed for chromosome 10 of sample 11 and both chromosomes 2 and 10 in sample 1, we concluded that these chromosomes were cnLOH loci in the respective samples (Fig. 3A ,C and Table 5 ).
Discussion
Using array-based genotype and copy-number analysis, we have shown that LOH without copy-number reduction is a frequent event in GBM. This observation was further supported by quantitative PCR and FISH analyses. Recently, LOH without copy-number reduction has also been reported to be a common genetic event in other cancers. [7] [8] [9] [10] [11] 18, 19 In pancreatic cancer, for instance, a study using an Affymetrix 100K array reported that 67.5% of all LOH loci in 26 pancreatic cancer cell lines showed copy-neutral or copy-gain LOH events, whereas the remaining 32.2% of LOH loci appeared to be associated with copy-number reduction. 18 Another study using cervical cancer cell lines also demonstrated that approximately 75% of LOH events did not show copy-number change. 19 Our data from the present study demonstrating that 56.3% of all LOH loci in analyzed GBMs were copy-number neutral are comparable to those studies on other cancers. To our knowledge, this is the first study demonstrating a high prevalence of cnLOH in GBMs.
cnLOH in tumors of the CNS was first described by James et al., 20 who reported that loss of allelic dosage (allelic imbalance) on chromosome 17 without copynumber reduction was often observed in low-grade astrocytomas. As for GBMs, although several LOH studies using SNP-array analysis have been reported, the copy number of the LOH sites has not been previously evaluated. 21, 22 Using the CGH technique, Wiltshire et al. 23 analyzed 22 GBM cases and demonstrated that the proportion of LOH that did not indicate loss by CGH was 16% on chromosome 10 and 17% on chromosome 9. The proportion of LOH on chromosome 10 in GBMs evaluated by studies using microsatellite markers has been somewhat higher (70%-80%) than that of copynumber loss detected by CGH studies (50%-70%), [25] [26] [27] [28] suggesting the discrepancy between CGH and LOH data might be due to cnLOH. 24 In the present study, an extraordinary genotype was found in one case (sample 1), where 18 of 22 autosomes were LOH loci, all of them cnLOH (Fig. 2) . We performed additional LOH analysis using microsatellite markers to confirm these unusual LOH patterns. As shown in Fig. 4 , the results completely matched those of the SNP-based LOH. We identified no clinical peculiarities in this patient, but further study of possible correlation of this event with clinical manifestation (e.g., sensitivity to chemotherapy) in this or similar cases is worth pursuing.
The present study showed the high prevalence of cnLOH in GBMs, indicating that tumorigenesis of GBMs is a complicated process, and that cnLOH appears to play a significant role. Acquired LOH without copy-number abnormality can arise through a number of mechanisms, including monosomic or trisomic rescue (in embryonic development), incomplete segregation of chromosomes, and mitotic nondisjunction. 7 The molecular mechanism behind the drastic occurrence of cnLOH in sample 1 is unknown; however, it may result from incomplete segregation of chromosomes by mitotic nondisjunction. 7 A recent report on myeloid leukemias also indicated that cnLOH represents a mechanism for oncogenic homozygotic events (activated oncogene or inactivated tumor suppressor gene), without suffering lethal effects from the loss of haploinsufficient genes located within the involved region. 8 The same molecular mechanism may be associated with tumorigenesis of these GBM cells in our study.
Our data revealed that more than half of LOH regions The use of a high-density SNP array enabled us to evaluate the copy number of neutral LOH regions. However, there are still several challenges, although the application of high-density SNP arrays to simultaneous LOH and copy-number analysis is becoming more popular. One major problem is that homogeneous tumor DNA is necessary to get reliable results, especially in heterogeneous tumors like GBMs, because contamination of nontumor DNA may make accurate LOH and copynumber call in the SNP array difficult. In this study, for example, on chromosome 10 in sample 14 and chromosome 5 in sample 12, copy number is decreased in copynumber analysis while heterozygosity is retained in LOH study (Fig. 2) . This phenomenon is possibly due to the presence of contaminating cells in the tumor sample that affected allele calling. In the present study, although we attempted to enrich tumor cells by using laser-capture microdissection, there is still a possibility that extensive macrophages or microglia were present in the dissected tissue because they are morphologically indistinguishable from glioma cells in hematoxylin and eosin staining. The second problem is data analysis. In general, as well as in our study, automated algorithm is usually employed to calculate LOH and copy-number calls from SNP arrays using available software. Although this algorithm provides us an objective standard of analysis, there is a possibility for false-positive or false-negative results because the calling itself is not necessarily correct. We must pay attention to data interpretation particularly in the mosaic pattern of LOH and copy-number results. With these challenges in mind, we strongly believe that our findings of the cnLOH regions in patients would not be the results of such artifacts. Furthermore, our data establish and confirm a genetic contribution of cnLOH to the tumorigenesis or progression of GBMs.
In conclusion, the combination of laser-capture microdissection and high-density SNP array adopted in the present study allowed us to characterize the genomic alterations in GBMs. However, the prognostic consequences of cnLOH for the patients are still unclear. Further studies are required to assess the clinical significance of this phenomenon. 
